Phages of the Caudovirales order possess a tail that recognizes the host and ensures genome delivery upon infection. The X-ray structure of the approximately 1.8 MDa host adsorption device (baseplate) from the lactococcal phage TP901-1 shows that the receptor-binding proteins are pointing in the direction of the host, suggesting that this organelle is in a conformation ready for host adhesion. This result is in marked contrast with the lactococcal phage p2 situation, whose baseplate is known to undergo huge conformational changes in the presence of Ca 2þ to reach its active state. In vivo infection experiments confirmed these structural observations by demonstrating that Ca 2þ ions are required for host adhesion among p2-like phages (936-species) but have no influence on TP901-1-like phages (P335-species). These data suggest that these two families rely on diverse adhesion strategies which may lead to different signaling for genome release.
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bacteriophage | crystal structure | Lactococcus lactis | siphoviridae | viral infection B acterial viruses (phages) are elegant nanomachines infecting their hosts with high specificity and efficiency. The vast majority of them belong to the Caudovirales order and possess a tail appendage used to recognize the host and ensure genome delivery. This organelle seems to be responsible for the unequaled efficacy of these virions, as compared to eukaryotic viruses, as each phage particle can infect a target cell (1) . The initial events of the infection process have been characterized for a limited number of phages demonstrating that dramatic conformational changes at the distal tail end accompany the DNA injection event (2) (3) (4) (5) (6) (7) . Binding of myophage T4 to the host lipopolysaccharides induces dramatic rearrangements of its tail extremity allowing irreversible commitment to the target cell followed by puncturing of its surface (3, 5) . The emerging picture for Podoviridae is that after attachment to the cell envelope, the minor phage proteins are ejected to form a tube across the periplasm thereby directing the viral DNA into the host cytoplasm (8) . Siphophage p2, belonging to the 936-species of lactococcal phages, exhibits a Ca 2þ -mediated activation mechanism inducing a 200°rotation of the receptor-binding proteins (RBPs) to establish multiple interactions with host saccharides and initiate infection (7). Here we report the crystal structure of the baseplate from the lactoccocal phage TP901-1 (P335-species) at 3.8 Å resolution and show that it is in a conformation ready for host adhesion, ruling out the involvement of a Ca 2þ -mediated or any other major conformational changes of this organelle at this initial step. We extended these conclusions by demonstrating that authentic virions can infect their host with maximal efficacy in the absence of added Ca 2þ and that this behavior is conserved among the TP901-1 phage species (P335). We therefore suggest that TP901-1-like phages do not rely on baseplate conformational changes for host adsorption, in contrast to what has been observed for phage p2 and all other long-tailed phages. We also suggest that these diverse mechanisms might have implications on the signaling of genome release.
Results
Structure Determination. Siphoviridae adsorption organelles (tailtips or baseplates) are assembled from the gene products encoded at the end of the morphogenesis module (9) (Fig. 1) . The phage TP901-1 baseplate is composed of a central core made of distal tail protein (Dit) and the tail fiber (Tal) as well as a doubledisk peripheral structure encompassing the baseplate upper protein (BppU) and the RBP (BppL) (10) . We overexpressed the virtually complete TP901-1 baseplate (Dit, BppU, and RBP) (11) and crystallized it, initially yielding poorly diffracting crystals improved through the use of an additive, dehydration and by tailoring the cryoprotection step. Phases were derived by combining a Ta multiwavelength anomalous diffraction (MAD) dataset with two mercury single-wavelength anomalous diffraction (SAD) datasets (Table S1 ) and by fitting the RBPs (10, 12) (Fig. S1A ) and the SPP1 Dit hexamer (13, 14) (Fig. S1B ) structures in the electron density. We were able to build a poly-Ala model for BppU therefore leading to a near-complete baseplate structure and sequence assignment was aided by solving the structure of the isolated BppU N-terminal domain (Fig. S1C ) as well as of the BppU C-terminal domain in complex with the RBP (Fig. S1 D-E) . The TP901-1 baseplate is 300 Å wide and 160 Å high, exhibiting an overall sixfold symmetry, and has a mass of 1.76 MDa (Fig. 1 A-C) . From the proximal to distal end, it is formed by 18 copies of BppU arranged around a central Dit hexamer and holding 54 RBPs organized as 18 trimers (Fig. 1 A-D) .
Structure of a 1.8 MDa Baseplate. The Dit protein forms a hexameric circular-shaped core of 80 ÅðdiameterÞ × 36 ÅðheightÞ, which delineates a 37-Å wide central channel ( Fig. 1 and Fig. 2 A-B) . Six domains are evenly appended to the bottom of this core without making contact between each other ( Fig. 2A) . Each monomer comprises: (i) an N-terminal domain (residues 1-145) with a β-sandwich, an α-helix, and a β-hairpin; (ii) a C-terminal domain (residues 146-255) folded as a galectin-like β-sandwich (7, 14) ( Fig. 1D and Fig. 2A ). The six N-terminal domains form the Dit central core, with each β-hairpin projected toward the neighboring monomer to ensure the cohesion of the hexamer, whereas the six C-terminal domains account for the extension radiating from the ring. The Dit structure is strikingly similar to that of phages SPP1 (14) and p2 (7), substantiating the conservation of this module that forms the adsorption apparatus hub in phages of Gram+ bacteria (9) (Fig. S2 ). However, in phage p2 two Dit hexamers are present back-to-back with each galectin domain from the lower ring attaching a trimeric RBP to the baseplate via a specific extension (7) (Fig. S2) .
The eighteen BppU assemble as six asymmetric trimers connecting the Dit central core and the RBPs ( (Fig. 2 A-C) . The third N-terminal domain is laterally projected onto the long helices belonging to the adjacent BppU trimer (Fig. 2 B-C and Fig. 3A) . As the three BppU N-terminal domains belonging to a given trimer harbor linkers differing in length and structure at their C termini, the three long helical segments are out-of-register relative to each other in term of amino-acid sequence (Fig. 3 A-B) . These helices form an approximately 25°angle relative to the plane of the Dit ring (in direction of the capsid) and end by a kink whose length differ in each monomer allowing (with the length of the long helices) to achieve a sequence rephasing of the three chains. The three following short helices are pointing toward the distal tail extremity with a local threefold symmetry ( Fig. 2A) , before reaching the C-terminal domains folded as β-sandwiches (Fig. 2 B-C and  Fig. S1E ). These latter domains assemble as a threefold symmetric triangular-shaped trimer held via two types of antiparallel pairing ( Fig. 2A, Fig. 3A, and Fig. S1E ) and burying a surface of 240 Å 2 by monomer at each interface.
The RBP structure is identical to its isolated structure forming a trimer with three domains (10): (i) an N-terminal shoulder domain (residues 1-32) built from three extended loops and a three-helix bundle; (ii) a central triple β-helix neck domain (residues 33-62); and (iii) a C-terminal head domain assembled from three β-barrels (residues 63-163) defining three receptorbinding sites at their interface (Fig. 1D) . The three RBPs within each tripod are separated by at least 20 Å (Fig. S4 A-B) whereas extensive intertripod contacts involving the twelve most internal RBPs are observed (Fig. S4E) . Noteworthy, the six most peripheral RBPs do not establish any contact and appear to be highly mobile, as attested by their weak density in the baseplate EM reconstruction obtained from intact virions (10) (Fig. 1A and  Fig. S5A ). This observation is further supported by the RBP trimers conformation in the isolated tripod structure revealing that they can oscillate around their anchoring point (Fig. S4 C-D) whereas this freedom is only retained by the six most external ones in the whole baseplate (Fig. S4E) .
Among the twelve BppU N-terminal domains surrounding the central Dit hexamer, six such moieties simultaneously contact the Dit N-and C-terminal domains of two different monomers whereas the other six interact with a single Dit N-terminal domain. Each BppU C-terminal domain deeply projects a loop (residues 217-234) in the crevice formed at the top of the RBP trimer to anchor it to the baseplate (Fig. 2D, Left) . This interface is characterized by outstanding complementarity of shape (burying approximately 1;600 Å 2 of the RBP trimer surface) and electrostatic potential, as the negatively charged penetrating loop (Fig. 2D , Lower Right) fills the positively charged crevice (Fig. 2D , Upper Right). Moreover, three aliphatic/aromatic residues belonging to BppU (Ile 219, Phe 226, and Phe 232) fill the cup center of the RBP trimer. The conservation of the residues involved in the BppU/RBP interactions suggests that common architectural themes are found among P335-phages (Fig. 2 E-F) .
Architecture of the TP901-1 Tail and Host Adsorption Apparatus. Our TP901-1 tail and baseplate EM reconstruction (10) allows proposing an atomic scale model for the components that make up these organelles (Fig. 1A and Fig. S5 A-B) . The tail tube is formed of stacked major tail protein hexamers that can be modeled using the type six secretion system Hcp structure because of their high structural similarity (16, 17) . The baseplate crystal structure reported here (Dit, BppU, and RBP) is nicely accommodated as a rigid body in the virion EM map and clearly matches the discernible features of the reconstruction. In agree- ment with our native mass spectrometry data (18), a single Dit hexamer is present in the virion and aligns its central channel with the tail tube one to form the DNA ejection conduit. Finally, we modeled the tail fiber (Tal) N-terminal domain using the (closed) p2 ORF16 trimer, which is expected to share a virtually identical fold (9).
Discussion
Molecular Basis of an Alternative Adhesion Mechanism. This work reports the second host adsorption device structure from a phage of Lactococcus lactis and reveals that the TP901-1 baseplate dramatically differs from that of phage p2 despite the conservation of their central core. The TP901-1 organelle mass exceeds by approximately 90% that of p2 (taking into account the tail fiber) and accommodates three times as many RBPs (54 instead of 18). The TP901-1 baseplate harbors its receptor-binding sites directed toward the distal extremity, i.e., in a direction compatible with instant host adhesion, suggesting that it is in a functionally active conformation. The overall rigidity of this structure, due to the reduced conformational freedom of its constituents, suggests that the baseplate is permanently ready-for-adhesion and does not rely on any triggering mechanism involving large protein motions. This mechanism is in marked contrast with the phage p2 baseplate whose RBPs undergo a 200°rotation (promoted/stabilized by Ca 2þ ions present in the medium) to allow a tight binding to the host surface (7). We therefore investigated the effect of Ca 2þ on the infectivity yield of lactococcal phages belonging to the 936-species (e.g., p2) and to the P335-species (e.g., TP901-1). Phage infection assays clearly demonstrated that 936-species bacteriophages are strictly dependent on Ca 2þ for infectivity and in a concentration-dependent manner (Fig. 4A and Table S2 ). Conversely, P335-virions exhibit no Ca 2þ dependency for infection with the exception of Tuc2009 showing a basal infection potential that can be enhanced proportionally to the Ca 2þ concentration [the baseplate of this latter phage is known to have a different composition than that of TP901-1 (19)]. Superimposing the N-terminal domain of the p2 and TP901-1 Dit structures reveals that the loop involved in Ca 2þ binding in the former phage is absent in the latter one explaining the observed difference of behavior relative to this cation (Fig. 4B, red arrow) . Furthermore, structure-based sequence alignment of Dit proteins from phages used in the infection assay demonstrates that this feature appears to be a hallmark distinguishing 936 and P335 species (Fig. 4C) . Our in vivo results are in agreement and corroborated by the structural data confirming thus that TP901-1 and related P335-phages rely on a substantially different strategy for initiating infection compared to phages of the 936-species. This adhesion mechanism is unprecedented and dramatically different to what has been described for other long tailed viruses [such as T4 (1, 5)] as it does not rely on any major conformational transitions within the adsorption device.
Infection Mechanism and DNA Release Trigger in p2 and P335-Species
Viruses. P335 and 936-virions interact only with saccharides of the L. lactis cell envelope during infection (7) . We propose that TP901-1 adsorbs via its RBP head domains to the oligosaccharide phosphate repeating units forming the pellicle layer present at the surface of the host (Fig. S6 ) (12, (20) (21) (22) (23) , making thus the process irreversible because of the avidity of interactions (10, 24) . We have previously formulated the hypothesis that the baseplate conformational changes observed in phage p2 might be involved in the cascade of events resulting in connector opening and DNA release (7) (as in the case of phage T4). Based on the data presented here along with the literature, it is tempting to speculate that TP901-1 only relies on subtle baseplate conformational changes for generating the firing signal at the onset of infection. TP901-1 Tal might interact with the pellicle and generate the DNA release signal through an initial mechanical stress. In this scenario, the events localized in the tail fiber might be the stimulus triggering the cascade of conserved conformational changes in the tail tube and the connector eventually resulting in DNA ejection (6, 25) . Indeed, phages assembled in the absence of the tape measure protein (TMP, filling the tail tube channel before genome ejection) or Dit or the tail fiber are tailless (26, 27) . This observation suggests that the TMP C-terminal domain and the tail fiber N-terminal domain directly interacts, constituting a likely pathway to propagate the signal for infection. This hypothesis is further supported by a recent work showing that the tail fiber is responsible for generating this signal in phage SPP1 (28) . Alternatively, one can also envision that binding of several RBPs to the host receptors might result in subtle tripods mechanical distortions triggering the firing mechanism [in a way reminiscent of complement activation in the lectin pathway (29) ] through BppU by communicating it directly to the most distal major tail protein (MTP) ring that is apposed onto Dit (Fig. S5A ).
Materials and Methods
Crystallography. The TP901-1 baseplate was expressed and purified as described previously (11) . Crystals were grown by hanging-drop vapor diffusion and all datasets were collected at synchrotrons Soleil (PROXIMA 1) and the European Synchrotron Radiation Facility (ID14.4). The structure was initially solved using experimental phase information before fitting atomic coordinates in the resulting electron-density maps.
Calcium Dependency Assay. Plaque assays were performed using an adapted version of the double-agar method (30) .
